Ground temperature and hydrogeological conditions are key parameters for many engineering applications, such as the design of building basements and underground spaces and the assessment of shallow geothermal energy potential. Especially in urban areas, in the very shallow depths, it is diffi cult to fi nd natural undisturbed underground thermal conditions because of anthropic interventions. The assessment of underground behaviour in disturbed conditions will become more and more relevant because of increasing awareness to energy effi ciency and renewable energy topics. The purpose of this paper is to show a three-dimensional representation -based on models calibrated on experimental data -of the underground thermal behaviour aff ected by a building in a rural area in Italy. Temperature varies in space and time and it depends on ground, climate and building characteristics, and all these parameters are taken into account by the seasonal periodic modelling implemented. The results obtained in a context of low urbanization indirectly suggest the importance of these eff ects in dense urban areas; taking greater account of these aspects could lead to improvements in the design of underground spaces and geo-exchanger fi elds for geothermal energy exploitation.
Introduction
The ground temperature at different depths is closely related to the geothermal heat fl ow of endogenous origin. However, in shallow layers, its contribution is limited, and the three-dimensional temperature distribution is a result of interrelation between many factors, which are:
• seasonal climatic variations, • soil thermal properties, • hydrogeological properties, • urbanization and related Urban Heat Island (UHI) effect, • snow cover, • geothermal heat fl ow. All the parameters are spatially distributed at a different scale. Temperature suffers from signifi cant variations along depth according to the change of thermogeological variables of the ground and fl uids and it is also time-dependent, since parameters change across time.
The topic of knowledge of underground temperature distribution is a matter of investigation by many authors.
The fi elds of application are various and they generally fall under the following three categories:
• energy effi ciency and building insulation methods, for the minimization of heat losses via the ground (e. . Energy geo-structures deal with all the above-mentioned aspects, since the energy rates exploitation and the working temperatures for air conditioning of buildings are either dependent on natural subsoil conditions, building heat losses via the ground and heat transfer and storage in underground spaces (Adam and Markiewicz, 2009; Barla and Perino, 2015) .
The replacement of the natural soil and vegetation by artifi cial surfaces always increases the air and subsurface temperature around a building throughout the year and this is caused by: the indirect solar heating by urban structures, the building heat losses and the land use change (Bornstein, 1968; Ferguson and Woodbury, 2004; Mandanici et al., 2016) . At a district or city level, this phenomenon is called the Urban Heat Island effect (Landsberg, 1981) .
Several experimental studies have demonstrated that the heat loss from buildings increases the subsurface temperature by several degrees and this thermal impact is more persistent in the subsurface rather than in the air because of slower heat transfer underground (Huang et al, 2009 ).
Heat loss from an individual building results in the generation of a bulb-shaped volume of subsurface temperatures higher than natural ones without any building infl uence. Experimental measures on groundwater temperature in urban areas were aimed to investigate this phenomenon and were performed all over the world, for example in Canada (Ferguson and Woodbury, 2007) , Germany (Zhu et This paper presents a contribution to this research fi eld. An experimental campaign of underground temperature affected by the presence of a building with an underground cellar was performed in the countryside of Bologna, Italy. Underground thermal modelling and building heat transfer via the ground were calibrated with the experimental measures to model the bulbshaped volume of subsurface temperature below and around the building itself.
An in-house software code is used to assign, to each location and time step inside the case study area, the value of underground temperature. The space-time varying sinusoidal behaviour of heat transfer via the ground is fi nally represented in four dimensions (x,y,z,t).
Methods, techniques, material studied and area description

Heat transfer via the ground
The basic equation for defi ning the vertical distribution assessment of temperature (T g ) is a function of the ambient temperature wave, the thermal properties of the ground layers and the geothermal gradient (Kusuda and Achebach, 1965) . Since all the variables entering the function are regionalized, the target variable is four dimensional, varying in space (x,y,z) and time (t). Having T g a sinusoidal behaviour, the year is usually chosen as a wave period.
Equation 1 summarizes the well-known distribution of temperatures in the subsoil (Baggs, 1985 a -time lead of the heat fl ow cycle compared with that of the internal temperature (days), b -time lag of the heat fl ow cycle compared with that of the external temperature (days). The heat fl ow rate spatially varies according to the shape and volume of the building zones, the different insulation materials, the fl oor types (slab-on-ground, suspended, basement fl oor) and the presence of underground cellars and other empty spaces.
Based on experimental calibration, models of underground temperature affected by the presence of a building, at different locations, were obtained by Tinti et al. (2015) . Table 1 
Case study winery
The case study considered for this work deals with a building in a rural area in the countryside Bologna (Italy). It consists of a two-storey building with an underground wine-ageing room (see Figure 1) . The bearing is 32° North-East. The main parameters of the building are reported in Table 2 .
Weather and building temperature data for the case study are shown in Table 3 .
A weather station located 100.0 m away from the building collected the main weather data and allowed to calculate the main ambient data (mean T m and amplitude A). The two values are in line with the climate of Bo- Table 1 : Models of underground temperature aff ected by the presence of a building.
Model
Temperature below a building T̄ -uniform temperature inside the unheated underground space (°C), k,η,t -parameters identifying the specifi c building insulation potential; they vary according to the building geometry and shape and they are dependent on the heat transfer expressed by Equation 2 (°C),(-),(days), s, r -lower and upper limit of the unheated underground space (m). VBA® was used to develop the in-house software code (hereinafter called Tzone 1.0) to assign to each underground point (x,y,z,t) the correct equation and model parameters, according to its position with respect to the building, while Voxler®4 was used for 3D visualization of results.
The Mining-Geology-Petroleum Engineering Bulletin and the authors ©, 2017 ©, , pp. 35-43, DOI: 10.1177 ©, /rgn.2017 logna, Italy. A set of sensors inside the building allowed the calculation of internal ambient data. The two-storey building is heated during the winter season, while there is no mechanical cooling during the summer season, so its mean temperature is defi nitely higher than outdoors. As for the wine-ageing room, only natural ventilation exists and the internal temperature values depend on the ground thermal behaviour surrounding the underground space.
Considering the phase shift, 10 th of January is the day of yearly minimum temperature for the case study. On the other hand, the values of time lead and time lag for the building and the underground room have been calculated by matching temperature waves obtained starting from heat transfer of Equation 2 and multiyear experimental measures of internal temperature, with four sensors inside the wine cellar and two sensors below the building and beside the cellar (Tinti et al., 2015) .
Phase shift applied is visible in the heat transfer waves of Figure 3 in next section.
To the depth of the cellar basement, underground is composed prominently by low moist clay. The complete litho-stratigraphy up to 50.0 m is shown in Figure 2 . At the depth of 18 m from the surface, an aquifer is present. Data sources are the geological investigations related to the installation of temperature sensors, the technical sheets about a nearby well 25.0 m deep and additional information gathered by Geological Survey of Emilia Romagna Region.
A multiyear measurement campaign of temperature and moisture has been conducted on the building, through the use of climatic sensors of type PCE-HT71 and a weather station model PCE-FWS20.
Additional temperature measurements were conducted on groundwater from an existing well near the building.
The set of measurements allowed to collect multiyear data sets of the following parameters: external climatic conditions, indoor temperature and moisture of the heat- The underground shows a vertical variability of geological conditions that infl uences the temperature. Thermal conductivity l and thermal diffusivity a are interrelated with each other and they are infl uenced by lithostratigraphy.
Mean values of thermal conductivity and diffusivity of different layers should be calculated or estimated; they can be obtained by in situ or laboratory tests or, once knowing the geology of the investigated zone, by extrapolation from substantial bibliography, such as the tables of the technical norms. For the specifi c case study, the values of thermal diffusivity and thermal conductivity have been extrapolated through the multiyear measurement campaign up to a depth of 6 m. These values were later additionally verifi ed by a Thermal Response Test (TRT) performed on a geothermal basket installed on site (Ferrari et al.,  2016) . Table 4 summarizes the values of the interest variables for temperature assessment related to the case study, together with the data source.
The value of geothermal heat fl ow (h = 0.03 W/m 2 ) for the case study area was taken from the Italian Geothermal Resources National Inventory (UNMIG, 2010) and confi rmed by the update of the global map of heat fl ow of solid Earth by Davies (2013).
Results and discussions
The space-time varying heat transfer expressed by Equation 2 can be applied to any interface between the building, cellar and ground. The heat transfer per surface (f) waves for the different possible interfaces between the building and the ground are exposed in Figure 3. case, with a different phase shift caused by the partial thermal inertia contribution of the cellar. In agreement with the heat losses of the building via the ground, the entire underground temperature behaviour affected by the presence of the building has been created, by the use of the models reported in Table 1 and the data presented in Table 2 and Table 3 . Figure 4 shows the three-dimensional thermal tomographic mapping in the underground for 4 months, around and below the building. For the 3D visualization, the software package Voxler®4 was used (Golden Software, 2015). The input data to the software Voxler®4 for 3D visualization are the result of calculation performed by Tzone 1.0, having a grid spacing of 0.2 m up to the cellar depth (3.0 m) and a larger grid spacing of 1.0 m from the cellar depth to the bottom (50.0 m).
The four pictures visualize a 3D section cut along the x and y borders of the building, excluding the wine cellar (which will be detailed in Figure 5 and Figure 6 ). The pictures show how subsoil temperature changes over time, due to the infl uence of seasonal variation and building presence. The parameters of internal and external waves (average, amplitude and phase shift, see Table  3 ) determine the shape of the subsoil temperature distribution. In January, the surface temperature is lower than the subsoil temperature, and then it increases with different behaviour from the centre to the external borders of The heat transfer wave model between the building basement and the ground differs from the wave model between the cellar and the ground. The underground cellar dampens the amplitude and causes a translation of heat transfer peaks, while the mean value keeps practically constant around 0.5 W/m 2 . More in detail: • the heat transfer between the building basement and the ground is characterized by high amplitude (3.0 W/m 2 ) and phase shift corresponding to the values reported in Table 3, • the heat transfer between the cellar basement and the ground is dampened (amplitude 0.5 W/m 2 ), with a reduction of phase shift caused by the thermal inertia contribution of the entire cellar, • the heat transfer between the cellar wall and the ground shows the same amplitude of the previous the building. Below the building, in the shallow layers (3.0 to 10.0 m depth), the temperature is around 3.0 °C higher than below the free surface. Moving deeper, the difference tends to disappear keeping around 0.3 °C in correspondence with the fi rst saturated layers (18.0 m depth). In July, the surface behaviour is opposite to January, with subsoil temperature lower than normal in the shallow layers. With respect to the winter season, the infl uence of the building on subsoil temperature values is less emphasized (1.0 °C colder than below the free surface). This is caused by the specifi c thermal energy needs of the building, with consequent use of mechanical heating in the winter season and natural cooling in the summer season. This makes temperature variation unbalanced throughout the year, with a subsequent temperature rise in the subsurface (estimated around 0.2 -0.3 °C).
April and October are intermediate months, with subsequent intermediate behaviour. Because of building thermal inertia, phase shift plays an important role for the very surface layers (0.0 to 2.0 m depth), with temperature differences, caused by the building presence, over 5.0 °C in April and even over 10.0 °C in October.
These effects are strongly dampened at deeper layers, tending to disappear at greater depths. Figure 5 presents a series of 3D temperature sections for the month of October, in order to better appreciate the space differences of thermal impact to the ground for different parts of the building. The sections show the vertical distribution of temperature from far, near and below the building, with a focus on the wine cellar thermal impact.
The limits of temperature scale have been narrowed with respect to Figure 4 , and this allows for a fi ner visualization of temperature differences between the layers. By comparing (a) with (b), (c) and (d), it is possible to distinguish four zones of temperature variation along the depth:
• the fi rst zone, from the building basement up to the depth of the wine cellar (around 3.0 m below surface), with consistent temperature variations according to the location (with a maximum of 10.0 °C difference between the building basement and the free surface and a minimum of 4.0 °C difference between the inside of the wine cellar and the free surface), • the second zone, below 3.0 m down to 5.0 m, with a variation around 2.0 -3.0 °C from normal underground behaviour, • the third zone, below 5.0 m down to the aquifer depth, where temperature differences with the surroundings from 1.0 to 0.5 °C are visible, tending to disappear with depth, • fi nally, the fourth zone, in correspondence with the aquifer, with a temperature increase of 0.3 °C with respect to groundwater temperature. The presence of the building strongly affects the underground thermal behaviour, causing a temperature rise which keeps over time. The temperature rise dampens from the borders of the building to the undisturbed ground, in different ways according to the land cover and urbanization, which infl uences both the heat transfer and the shading coeffi cient for surface layers. Along the vertical depth, the temperature wave is dampened up to reach the neutral zone, where the temperature amplitude is null. In the specifi c area of the case study, according to the maximum investigation depth, the presence of the geothermal gradient does not signifi cantly affect temperature; this is due to the low value of geothermal heat fl ow, which is almost negligible for the scale of work considered.
On the contrary, the different geological and hydrogeological layers are visible in terms of temperature modifi cation (see Lithological cross -section of Figure  2 for comparison with the 3D temperature layout of Figure 4 and Figure 5) .
Regarding the heat losses from the building, shown in Figure 3 , the higher contribution comes from the interface between the heated building and the ground, where- as the presence of the cellar dampens the thermal impact of the surface building on ground temperature. According to the calculation performed, it is expected that groundwater temperature rises a few decimals with respect to natural temperature values of the investigation area. Such a variation should tend to disappear below the cellar, because of the smoothed effect of the thermal impact of the building. The annual average groundwater temperature keeps constant around 15 °C and no thermal signals of the presence of the building could be appreciated. This is probably due to the relatively low surface occupied by settlements with respect to the croplands and grasslands, being the case study is located in a rural area. Moreover, according to the hydrogeology information of Geological Survey of Emilia Romagna, the case study is placed in the alluvial fan of the Sillaro River, and the aquifer is classifi ed as one of the extensive and highly productive aquifers. Therefore, it is also probable that the high groundwater movement dissipates the heat build-up from the surface.
The temperature inside and around the wine cellar is affected by major space-time variations, because of multiple discontinuity lines, represented by cellar borders. Temperature within the cellar is considered uniform in space and its value differs from both temperature below the free surface and temperature below the building. The heat transfer via the ground when crossing the unheated space is related to the parameters of a wineageing room reported in Table 3 , and it results in the specifi c temperature behaviour visualized in Figure 6. 
Conclusions
This paper presented a three-dimensional reconstruction of subsoil temperature affected by the presence of a building in a rural area. The models used in the paper were previously calibrated on temperature measurements realized in a multiyear campaign performed in the period 2013-2015. The three-dimensional visualization allowed to defi ne how variations of geometry and materials affect, with different impact, underground temperature below and next to the building. The calculation of temperature fi eld in the zone below the building was per- formed both for the underground layers affected by ambient temperature variations (strongly dampened by the presence of the building itself) and for the deep layers, where temperature is supposed to keep constant over time.
Results quantify the impact of the single building on the underground: temperature increases/decreases from 2.0 to 5.0 °C at the shallow layers, down to some decimals of degrees Celsius at the fi rst saturated layer, 18.0 m deep. The impact can strongly vary in space and time, based on the presence of unheated underground spaces, such as the wine-ageing room of the case study. Due to the prominent use of heating instead of cooling, an unbalance of heat throughout the year is refl ected in the underground thermal behaviour. For the case study considered, the temperature rise was evidenced. Being located in a rural area, the impact of the building on groundwater temperature is limited and does not infl uence the surroundings.
The correct and accurate understanding of underground thermal behaviour and estimation of temperature profi les in the presence of buildings could have a relevant impact on the design of air conditioning systems for underground spaces and on the shallow geothermal potential assessment of a determined geographical zone. In the particular case of highly urbanized areas, the multiple thermal impacts of many nearby buildings would transpose the Urban Heat Island effect in the subsoil, with a consequent increase of ground and groundwater temperature. This phenomenon has double facets: on one side, it is considered as thermal pollution caused by the human presence, which affects ecosystems; on the other side, it could enhance the technical and economic convenience of shallow geothermal exploitation for the heating of buildings, and so helping to reduce the carbon footprint of urban areas. Further analysis on the topic is scheduled by the authors.
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